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Abstract—We present an investigation on the optimal aperture,
both its size and current source distribution, for the maximum
penetration of signals in near-field applications. The near-field
beam radius is calculated for different size of the uniform
Huygen’s source distribution so that the optimal size of a
uniform Huygen aperture is concluded. For a general aperture
distribution, both analytical methods and optimization algorithm
are applied.
Index Terms—optimal near-field aperture, near-field beam
radius, maximum penetration
I. INTRODUCTION
Near-field microwave systems for detection and sensing
find more and more applications in recent years [1]–[6].
However, how to characterize antennas in near-field is not well
established as that in far-field case, and the question of what
is the optimal antenna for a certain near-field application has
not been addressed.
Efforts have been made to characterize antennas in near-
field by the Penetration Ability [7] which is highly correlated
to how much the propagated waves from the transmit antenna
focus on the receive antenna in near-field. In this work, we aim
to find an optimum aperture, in terms of both the size and the
current distribution, in order to achieve the maximum signal
penetration in near-field. In this study, a circular aperture
with a Huygen’s source distribution in a homogenous lossy
material background is assumed, since the Huygen’s source
has a directional radiation.
A characterization parameter, the 3dB near-field beam ra-
dius, is used to quantify how signals focus. It is proposed
from the results of this work that in order to get a high
penetration ability, both the size and the aperture distribution
of an antenna should be chosen depending on the spacing
between the transmit and receive antennas.
II. PROBLEM FORMULATION
Assume a y-polarized Huygen’s source distribution over a
circular aperture of radius a, where the current has only radial
dependence (i.e. it is independent of angle). This circular
aperture is shown in Fig. 1. The current distribution on the
aperture is given by
JH(ρ′) = J(ρ′)ŷ
MH(ρ′) = ηJ(ρ′)(−x̂)
(1)
Fig. 1: The geometry of circular aperture.
The total electrical field caused by such aperture at any point
in positive-z half-space can be calculated as [8]:
Etot = EJ + EM
= Ckη
2pi∫
0
a∫
0
[
J (ρ′) yˆCN1 − J (ρ′)
(
yˆ · Rˆ
)
RˆCN2
+J (ρ′)
(
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number and
CN = 1 +
1
jkR
,CN1 = 1 +
1
jkR
−
1
(kR)
2
CN2 = 1 +
3
jkR
−
3
(kR)2
, Ck =
−jk
4π
III. OPTIMAL APERTURE SIZE WITH UNIFORM
DISTRIBUTION
It has already been observed in [7] that larger antenna does
not necessarily lead to higher penetration in near-field. On the
other hand, an antenna of a small size transmits RF signals
into wider area, which leads to a lower penetration. Hence
determining the optimum size of an antenna for the maximum
Fig. 2: Near-field co-polar component of a uniform aperture
a = λ.
penetration at certain distance in near-field is crucial for near-
field antenna design.
As the first step, the optimal circular aperture size with
uniform current distribution is investigated. It is assumed that
the lossy material has a linear ohmic loss effect on the signal.
Therefore, a high penetration ability at a certain distance is
proportional to how much the signal is focused at that distance.
In other words, the narrower near-field beam radius at a certain
distance means the higher penetration ability at that distance.
Simulations are carried out by using (2) to calculate the
near-field of a number of circular apertures with radii starting
from one wavelength λ (the results up to three wavelengths
are shown in this paper). Co-polar field component of each
aperture is calculated at distances of 0.2–10 λ from aperture
with steps of 0.2 λ, on square planes with dimensions 10λ×
10λ.
A sample of results for case of aperture with radius equal
to a = λ is shown in Fig. 2. In order to characterize the
energy focusing ability at each cutting plane orthogonal to the
propagation direction, the 3dB near-field beam radius at a
certain cutting plane is defined as the radius of the smallest
circle on that plane, with its center at the maximum field
strength point, including all points where co-polar component
of the field has at least half the power of the maximum point on
the same cut. Note that unlike far-field beam width which has
the unit of angle, the 3dB near-field beam radius is measured
in a unit of length, such as millimeter or wavelength, since
the angle unit has not much meaning in our case. Note also
that we use “beam” in the definition though there is no beam
really formed in the near-field of antennas.
Fig. 3 shows the 3dB near-field beam radius when the
circular aperture has different radius from 1λ to 3λ when the
space is filled homogenously with three different materials.
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Fig. 3: 3dB near-field beam radius of a uniform aperture in
different mediums (a) Free space (b) ǫr = 10, tanδ = 0.04
(c) ǫr = 10, tanδ = 0.2
The material properties are set as i) free space, ii) ǫr = 10,
tanδ = 0.04 and iii) ǫr = 10, tanδ = 0.2. It is observed
that for a certain size of aperture there is a certain distance
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Fig. 4: Minimum 3dB beam radius vs. aperture radius.
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Fig. 5: Distance of the minimum 3dB near-field beam radius
from the aperture vs. aperture radius.
where the 3dB near-field beam radius is minimum, and this
minimum-3dB-radius distance increases with increase in the
aperture radius. It is also observed that the minimum beam
radius itself increases with the increase in aperture size. Plots
of minimum beam radius, and the distance of minimum beam
radius from the aperture in different mediums are shown in
Figs.4 and 5, respectively. It is clear in the figures that the
loss in medium will increase the minimum beam radius and
push it further from the aperture. On the other hand, it is
evident that the loss will affect larger apertures more.
IV. DESIRED APERTURE DISTRIBUTION
For a more general case, the optimal aperture (in terms of
both the size and the distribution) for the maximum penetration
is investigated by two approaches: optimization and direct
solving.
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Fig. 6: Amplitude and phase of current distribution from GA.
A. Optimization
Global optimization algorithms (such as Genetic Algorithm,
Particle Swarm, Pattern Search, etc.) are widely used in
electromagnetic problems. Genetic algorithm (GA) is applied
to find the optimal aperture distribution in this work.
To find the optimal aperture in this case, it is assumed
that the aperture radius is fixed and only the distribution is
optimized. For different aperture distributions of the same
radius, 3dB near-field beam radius is calculated at a range
of distances. This range is selected around expected best
focus distance from the case of uniform aperture. Then, the
minimum 3dB near-field beam radius in this range is selected
as the fitness function which will be minimized by the means
of GA. As for parameter to be tuned, low-order Fourier
coefficients of current distribution are chosen. The purpose
of this choice is to ensure the continuity and smoothness of
resulting distribution.
A sample of GA results, by using the above assumptions
is presented here, for an aperture of radius equal to one
wavelength (i.e. a = λ) in free space. In this case a population
of 20 genes is used and the algorithm converges after 51
generations. The amplitude and phase of resulting current
distribution is shown in Fig. 6. Near-field co-polar component
produced by such distribution is demonstrated in Fig. 7 at
distances between 0.4λ and 0.8λ, also the 3dB near-field beam
radius of this current distribution is plotted in Fig. 8.
It can be observed in Fig. 8 that although the distance
of minimum near-field beam radius has moved closer to the
aperture in this case compared to a uniform aperture with the
same size, the minimum beam radius itself is significantly
smaller than that of uniform aperture. Even at the distance
where uniform aperture has minimum beam radius, though
the beam radius there is not the minimum, the radius is still
smaller compared to uniform aperture at the same distance. It
can be concluded that GA can be used to minimize the near-
field beam radius. It should be noted again that the uniform
Fig. 7: Near-field co-polar component of GA optimized aper-
ture.
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Fig. 8: 3dB near-field beam radius of GA optimized aperture.
aperture does not necessarily result in optimal beam radius but
it can be considered as a reference point.
B. Direct Solving
Due to the linear nature of the problem, it is also possible
to solve directly for the aperture distribution to have a desired
field distribution at one or more z-cuts in the space. In order
to do this, following approach is adopted.
First, a discrete aperture distribution Jdis(ρ) and a desired
field Egoal are selected.
J (ρ′) ≈ Jdis (ρ
′) =
N∑
n=1
Jnψn (ρ
′) (3)
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Fig. 9: Calculated amplitude and phase of current distribution
by using the direct solving method.
where ψn are properly chosen basis functions. Then
Edis = Ckη
N∑
n=1
Jn
∫∫
S′
Vψn
e−jkR
R
ρ′dρ′dϕ′ (4)
where
V = yˆCN1 −
(
yˆ · Rˆ
)
RˆCN2 +
(
−xˆ × Rˆ
)
CN (5)
By selecting appropriate weighting functions (wm), the equa-
tions can be solved for Jn as follows:∫∫
S
wm (r) [Edis − Egoal] ds = 0 (6)
which is expanded as
∫∫
S
wm

Ckη N∑
n=1
Jn
∫∫
S′
Vψn
e−jkR
R
ρ′dρ′dϕ′

 ds
=
∫∫
S
wmEgoalds
(7)
This final equation can easily be re-written in matrix form and
solved for Jn.
To utilize this method an exact knowledge of both amplitude
and phase of the desired field distribution is needed, which is
not always the case. However to demonstrate the possibility,
an example will be presented, where the field produced by
an already known aperture distribution is used as the desired
field.
Co-polar field component produced by a uniform aperture
of radius a = 1.5λ at a distance z = λ is calculated and used
as the desired field Egoal. Step functions are used as basis
ψn and Dirac delta functions are used as weighting wm to
facilitate point matching. In this case the matrix of the problem
is highly ill-conditioned. However, by employing singular
(a)
(b)
Fig. 10: Near-field co-polar distribution produced by (a) Uni-
form distribution (b) Current distribution calculated by direct
solving
value decomposition and the use of pseudo inverse [9], some
interesting results can be achieved. For example if only 4
highest singular values are used, the calculated amplitude and
phase of resulting current distribution will be as shown in
Fig. 9. It can be observed that the calculated current is quite
close to the original uniform distribution. The field produced
by uniform distribution and that produced by this distribution
are shown in fig. 10. It can be observed that the two have a
good agreement and indeed the error in dB is less than 1.8dB
everywhere while comparing the field distributions, and the
error in 3dB near-field beam radius is negligible. These results
display that it is feasible to use the direct solving method in
cases where the desired field is known. More investigation on
this method is ongoing.
V. CONCLUSION
It has been shown that the optimal aperture size for near-
field sensing applications depends on the spacing between the
transmit and the receive antennas and the material properties of
the medium between the two, as the minimum near-field beam
radius varies with both aperture size and loss for a uniform
aperture distribution. For a more general case, the optimal
aperture can be determined by two approaches: optimization
algorithms and direct solving. The optimization algorithms
are more useful when just the 3dB near-field beam radius is
required to be small and there is no restriction on the actual
field distribution. On the other hand, direct solving method
can be used in cases where the field distribution also matters
for the specific application.
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